Background: AMPAR trafficking plays an important role in synaptic plasticity, but how ubiquitinated AMPARs internalize remains largely unknown. Results: The endocytic adaptor EPS15 interacts with ubiquitinated AMPARs and facilitates receptor internalization. Conclusion: EPS15 is required for the internalization of ubiquitinated AMPARs. Significance: Selective targeting of a distinct pool of surface AMPARs for internalization provides novel insights into the mechanisms of synaptic regulation.
AMPA receptors (AMPARs) 2 are glutamate-gated heterotetrameric ion channels responsible for mediating the majority of fast excitatory neurotransmission in the brain. Modifications in AMPAR synaptic expression have long been considered the critical molecular mechanism underlying both Hebbian-type (1, 2) and homeostatic (3) (4) (5) synaptic plasticity. AMPARs traffic rapidly between the plasma membrane and intracellular compartments, and although total AMPAR abundance is maintained through a balance between receptor synthesis and degradation, AMPAR surface accumulation is regulated by means of receptor insertion, internalization, and recycling. However, how specific surface AMPARs are selected and recognized by trafficking machinery remains unclear. One mechanism is posttranslational modification of surface proteins via ubiquitination.
Ubiquitin is a highly conserved, 8.5-kDa, 76-amino acid protein that can be conjugated covalently to a lysine residue in a target substrate. The specificity is determined by the E3 ligase. Ubiquitinated membrane proteins are recognized by the endocytotic machinery for internalization, with polyubiquitinated proteins often being sorted to the proteasome or lysosome for degradation (6) . Ubiquitination has been implicated in the trafficking of glutamate receptors, including NMDA receptors (7) and AMPARs (8 -10) . Recent studies have shown that mammalian AMPARs are subject to direct ubiquitination (11) (12) (13) .
AMPARs can be internalized via the clathrin-coated pits pathway via binding of the adaptor protein AP2 with the intracellular C termini of AMPAR subunits (14 -17) . However, because AP2 lacks ubiquitin-dependent regulation, a distinct adaptor may be required to recognize ubiquitin-modified receptors. To serve this function, EGF receptor protein tyrosine kinase substrate 15 (Eps15) emerged as an excellent candidate. Structurally, Eps15 is divided into four domains. Domain III contains several DPF motifs that interact with the adaptor proteins AP1 (18) and AP2 (19) . Of particular interest is regulatory domain IV, which contains two ubiquitin-interacting motifs (UIMs). These UIM domains play a critical role in the association with and sorting of ubiquitinated receptors (20 -22) .
Here we report an important role for Eps15 in mediating ubiquitinated AMPAR trafficking. We find that Eps15 is localized synaptically and that alterations in Eps15 expression sig-nificantly affect surface levels of GluA1. Furthermore, we demonstrate that the interaction between Eps15 and GluA1 is dependent upon GluA1 ubiquitination and the Eps15 UIM regions. We also show that the E3 ligase Nedd4 is involved in this interaction and that the internalization pathway of ubiquitinated AMPARs is mediated by the clathrin-coated pits pathway. These results collectively reveal a novel ubiquitination-specific aspect of the molecular assembly utilized in AMPAR trafficking.
EXPERIMENTAL PROCEDURES
Immunofluorescence-Primary cultured hippocampal neurons from embryonic day 18 rat embryos were cultured onto coverslips as described previously (23, 24) . Cells were fixed at 14 -15 days in vitro with ice-cold 4% paraformaldehyde in artificial CSF (ACSF) containing 150 mM NaCl, 10 mM HEPES (pH 7.4), 3 mM KCl, 2 mM CaCl 2 , and 10 mM glucose for 10 min, washed twice with ACSF, and permeabilized with 0.3% Triton X-100/ACSF for 10 min before a 1-h incubation at room temperature in a blocking solution of 10% normal goat serum in ACSF. For double staining of endogenous Eps15 with either PSD-95 or GluA1N, cells were incubated overnight at 4°C with either a primary anti-PSD-95 mouse antibody (1:500, Neuro-Mab) or a primary anti-GluA1N mouse antibody (1:300, Millipore) in blocking solution. Following incubation overnight, the cells were washed three times with ACSF and then incubated with primary anti-Eps15 rabbit antibody (1:100, Santa Cruz Biotechnology, Inc.) in blocking solution for 2 h at room temperature. Cells were again washed three times with ACSF and then incubated for 1 h at room temperature in the dark with 1:500 Alexa Fluor 555 goat anti-rabbit (Invitrogen) and 1:500 goat anti-mouse Alexa Fluor 488 (Invitrogen) secondary antibodies in ACSF. After another set of washes, coverslips were mounted onto slides with Prolong Gold Antifade (Invitrogen) and cured for at least 4 h. Images were collected with an inverted fluorescence microscope at a ϫ63 oil objective (Zeiss Axiovert 200 M). The exposure time for the fluorescence signal was first set automatically by the software and then adjusted manually so that the signals were within the full dynamic range. Either the glow scale lookup table or the histogram was used to monitor the saturation level.
Synaptosome Purification-For purification of synaptosomes from adult rat brains, dissected cortical tissue was minced and homogenized in either ice-cold radioimmune precipitation assay (RIPA) lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1% SDS) for the, and 0.1% SDS) for the control lysate or in ice-cold synaptosome solution (0.32 M sucrose, 1 mM NaHCO 3 , 1 mM MgCl 2 , and 0.5 mM CaCl 2 ), both containing mini complete protease inhibitors (Roche Applied Sciences). Samples were transferred to fresh 15-ml conical tubes, solubilized further by 30 min of extraction at 4°C, and then centrifuged at 1400 ϫ g for 10 min. The supernatant (S1) was transferred to a new tube and centrifuged at 13,800 ϫ g for 10 min. The remaining pellet (P2) containing the synaptosomes was resuspended in RIPA lysis buffer.
Primary cultured high-density cortical neurons from embryonic day 18 rat embryos were cultured on 60-mm dishes as described previously (23, 24) . To purify synaptosomes from these cultures, the cells from two dishes were scraped into 500 l of HEPES-buffered sucrose (0.32 M sucrose and 4 mM HEPES (pH 7.4)) containing mini complete protease and PhosSTOP phosphatase inhibitors (Roche). Cells were then homogenized with 30 strokes of a glass pestle, transferred to a sterile microcentrifuge tube, and solubilized by rotation at 4°C for 2 h. A small volume of lysate was reserved as "total lysate." To isolate cell nuclei (P1) from the lysate, solubilized lysates were centrifuged at 800 -1000 ϫ g at 4°C for 1 min. The resulting supernatant (S1) was then centrifuged at about 10,000 ϫ g at 4°C for 15 min to yield a crude synaptosomal pellet (P2). Reserved total and P2 lysates were then lysed in modified RIPA lysis buffer containing protease and phosphatase inhibitors.
Protein amounts for both control and synaptosomal samples from adult rat brain and cultured cortical neurons were obtained using the BCA protein determination kit (Thermo Scientific), and samples were diluted to the same protein concentration with RIPA lysis buffer. 2ϫ Laemmli buffer was then added, and samples were denatured on a 95°C heat block for 10 min. Purity was further confirmed by Western analysis.
Eps15 Knockdown and Overexpression-For Eps15 knockdown experiments, control siRNA (20 nM scrambled siRNA, Ambion) or Eps15 siRNA (20 nM, Ambion, catalog no. s162462, GGCUUUUCACUUAAUCAAUtt) were cotransfected with an EGFP construct into hippocampal neurons cultured onto coverslips at 11 days in vitro with Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. For Eps15 overexpression experiments, pcDNA or Eps15 plasmids were cotransfected with a DsRed construct. Cells were fixed at 14 -15 days in vitro and processed for immunostaining. Endogenous Eps15 was visualized with incubation in primary anti-Eps15 rabbit antibody (1:100, Santa Cruz Biotechnology, Inc.) overnight at 4°C, followed by incubation in goat anti-rabbit secondary antibody conjugated to either Alexa Fluor 555 for knockdown experiments or Alexa Fluor 488 for overexpression experiments. For experiments examining the effect of Eps15 knockdown or overexpression on surface expression of GluA1N only, cells were fixed and stained under non-permeant conditions. Cells were then incubated overnight at 4°C with a primary anti-GluA1N mouse antibody (1:300, Millipore), followed by incubation in goat anti-mouse secondary antibody conjugated to either Alexa Fluor 555 for knockdown experiments or Alexa Fluor 488 for overexpression experiments. Cells were imaged and collected as described above, and original images were analyzed directly using ImageJ software (available for download from the National Institutes of Health website) to assess total protein levels. All values were reported as mean Ϯ S.E. Statistical analysis was performed using two-population Student's t test.
Immunoprecipitation-To examine the effect of ubiquitin on putative Eps15 protein interaction with GluA1, HEK 293T cells were cotransfected with GFP-tagged GluA1, as described previously (24) , and either pcDNA or HA-tagged ubiquitin using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. Two days post-transfection, cells were rinsed with ice-cold PBS and resuspended in 100 l of modified RIPA lysis buffer containing mini complete protease inhibitor (Roche). To examine the effect of ubiquitin on endogenous Eps15 and GluA1 in rat cortical neurons, cultures were incubated for 24 h with the proteasomal inhibitor MG-132 (5 M) to increase ubiquitinated species and then washed in ice-cold ACSF and lysed as above. To examine how lysine residues available for ubiquitination on the GluA1 C terminus affect Eps15 and GluA1 interaction, GFP-tagged GluA1 and lysine mutants (F3R, K868R, and 4KR) created as previously described (13) were cotransfected with pcDNA or with HA-tagged ubiquitin in HEK 293T cells. Two days post-transfection, cells were washed with PBS and lysed as above.
All lysates were solubilized by sonication, incubated for 10 min on ice, and then centrifuged for 10 min at 13,000 ϫ g to remove insolubilities. A small volume from each sample was reserved as total input. The remaining sample volumes were adjusted to 500 l with Nonidet P-40 buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM EDTA, and 1% Nonidet P-40 plus mini complete) and incubated overnight for 8 -12 h on rotation at 4°C with 30 l of a 50% slurry of protein A-Sepharose beads (Santa Cruz Biotechnology) in Nonidet P-40 buffer and 2 l of Eps15 antibody (Santa Cruz Biotechnology). Immunocomplexes were washed three times with ice-cold Nonidet P-40 buffer, resuspended in 30 l of 2ϫ Laemmli buffer, and denatured on a 95°C heat block for 10 min. Immunoprecipitates were resolved by Western blot analysis.
Western Blot Analysis-Lysates were resolved by SDS-PAGE, transferred to PVDF membranes (Bio-Rad), and blocked with 5% nonfat dry milk for 1 h at room temperature. Blots were incubated at 4°C overnight with primary antibodies diluted in 5% nonfat dry milk. Antibodies used for immunoblots included 1:500 GluA1Nt ␣-Rb (Millipore), 1:1000 Eps15 ␣-Rb (Santa Cruz Biotechnology or BD Biosciences), 1:4000 ␤-tubulin ␣-Ms (Sigma), 1:4000 Nedd4 ␣-Rb (Abcam), and 1:500 ␣-Ms PSD-95 (NeuroMab). The following day, membranes were washed and then incubated in peroxidase-conjugated anti-mouse or antirabbit secondary antibody (Sigma) for 1 h at room temperature. After further washing, immunoreactive bands were visualized by ECL (GE Healthcare) and measured by densitometry using ImageJ software. GluA1 protein immunointensity values were normalized to corresponding inputs where appropriate and then normalized to controls prior to statistical analysis. All values were reported as mean Ϯ S.E. Statistical analysis was performed using two-population Student's t test.
Internalization Assays-GFP-tagged GluA1 and the GFPtagged lysine mutants F3R, K868R, and 4KR were cotransfected with either control siRNA (20 nM scrambled, Ambion) or Eps15 siRNA (20 nM scrambled, Ambion) into 11 days in vitro hippocampal neurons cultured on coverslips using Lipofectamine 2000 according to the instructions of the manufacturer. Internalization assays were performed 2 days post-transfection. Live hippocampal neurons were incubated in medium containing 1:500 GFP ␣-Rb antibodies (Abcam) for 10 min on ice to label surface GFP-tagged constructs. Cells were washed in ACSF and then incubated in medium containing 25 M glutamate for 10 min in a 37°C incubator to promote receptor endocytosis. The medium was replaced, and cells were returned to the incubator for 20 min to allow further receptor internalization. Following the time chase, cells were fixed with ice-cold 4% paraformaldehyde for 10 min, washed with ACSF, and blocked for at least 30 min in 10% normal goat serum/ACSF. Then the remaining surface-associated antibodies were labeled with anti-Rb Alexa Fluor 405-conjugated secondary antibodies under non-permeant conditions (1:300, Invitrogen) for 1 h at room temperature in the dark, washed in ACSF, and permeabilized with 0.3% Triton X-100/ACSF for 10 min at room temperature. Cells were blocked again for at least 30 min in 10% normal goat serum/ACSF before the remaining internalized antibodybound AMPARs were incubated with anti-Rb Alexa Fluor 555conjugated secondary antibodies (1:700) for 1 h at room temperature in the dark.
Nedd4 RNA Interference-siRNA was designed and prepared by Santa Cruz Biotechnology, Inc. to specifically target NEDD4 mRNA. NEDD4 siRNA is a pool of three target-specific siRNAs (A, B, and C) against the Mus musculus NEDD4 sequence (catalog no. sc-41080). The NEDD4 siRNAs were as follows: A, CCAUGAAUCUAGAAGAACA; B, GAUCACCUCUCAUA-CUUCA; and C, CUGUUCACUUGUCCAGUUA. The pool was originally chosen to knock down Nedd4 in both rat and human cell lines. The human Nedd4 sequence shares target sites A (100% homology) and B (94% homology), whereas the rat Nedd4 sequence shares all three sites (A, 89%; B, 100%; and C, 89%). Nedd4 siRNA and control siRNA (scrambled siRNA, Ambion) were transfected into HEK 293T cells at 25 nM using Lipofectamine 2000 according to the instructions of the manufacturer. Two days post-transfection, cells were lysed and processed for Western blot analysis.
Statistical Analysis-Fluorescence intensities were quantified using ImageJ for the soma and the puncta. The "soma" area was defined as the major cellular body excluding dendritic projections, whereas "puncta" refers to individual spine intensities. Puncta were measured collectively along the length of a dendrite by masking the spines according to measurements set to exclude particles outside the normal intensity range of a typical spine. Both soma and puncta were measured to assess whether localized populations of AMPARs were affected by experimental conditions.
RESULTS
Synaptic Localization of Eps15-To examine the subcellular distribution pattern of endogenous Eps15, cultured rat hippocampal neurons were immunostained for Eps15 along with either the synaptic marker protein PSD-95 or AMPAR GluA1 subunits. Eps15 immunosignals were detected throughout the neuron but formed intense clusters along the dendrites, partially colocalizing with the postsynaptic density scaffolding molecule PSD-95 ( Fig. 1A) . Similarly, most of the Eps15 clusters appeared to codistribute with GluA1 along the dendrites (Fig.  1B) , indicating a synaptic localization of Eps15. To further examine the relative protein distribution of Eps15 at synapses, we prepared synaptosomes from both adult rat brain lysate and cultured rat cortical cell lysates. Western blotting demonstrated a strong enrichment of Eps15 in synaptosomal preparations compared with cell lysates (Fig. 1, C and D) . Synaptosomal purification was confirmed by an enrichment of the known synaptic proteins PSD-95 and GluA1.
Regulation of AMPAR Surface Expression by Eps15-As an endocytic adaptor, Eps15 is involved in the regulation of mem-brane protein dynamic distribution. Given the enrichment of Eps15 in the synapse, we next wanted to examine whether Eps15 is implicated in AMPAR surface expression. If Eps15 is involved in promoting AMPAR internalization, a depletion of Eps15 should cause an accumulation of surface AMPARs. To examine this possibility, a siRNA against Eps15 was utilized, and at least a 60% reduction of endogenous Eps15 was observed in siRNA-expressing neurons compared with cells expressing scrambled siRNA (Fig. 2, A and B) . To determine the effect of Eps15 knockdown on AMPAR surface expression, transfected neurons were immunostained with anti-GluA1 N-terminal antibodies under non-permeant conditions. In cells transfected with Eps15 siRNA, we found a significant increase in surface GluA1 immunofluorescence intensity compared with cells transfected with scrambled siRNA (soma, 145.0% Ϯ 3.5%; puncta 182.7% Ϯ 5.8% of the control) ( Fig. 3, A and B) .
Next, we wanted to know whether overexpression of Eps15 would have the opposite effect. If Eps15 knockdown increases surface AMPARs by impeding AMPAR internalization, Eps15 overexpression should lead to decreased surface AMPARs by enhancing internalization. Toward this end, an Eps15 construct was transfected in hippocampal neurons. Immunostaining revealed an ϳ50% increase in Eps15 expression in Eps15-transfected cells compared with pcDNA control cells. As expected, non-permeant staining of GluA1 showed a significant decrease in surface GluA1 in both soma (73.6% Ϯ 2.3%) and puncta (45.5% Ϯ 3.0%) ( Fig. 3, C and D) . It is interesting to note that Eps15 overexpression produced a lesser overall effect on GluA1 surface localization than Eps15 knockdown, suggesting a high level of endogenous Eps15 amount or activity in the regulation of AMPAR trafficking.
Eps15 Regulates AMPAR Internalization-We find that Eps15 overexpression or knockdown alters surface AMPAR expression, suggesting a role for Eps15 in AMPAR internalization. To examine this possibility, we knocked down Eps15 in cultured hippocampal neurons and then performed internalization assays. In brief, surface AMPARs were live-labeled using anti-GluA1N antibodies. After washing, cells were incubated at 37°C for 20 min to allow receptor internalization. Any remaining surface-bound antibodies were then blocked with a secondary antibody, whereas internalized receptors were specifically labeled with fluorescent antibodies for visualization. We found that, under basal conditions, Eps15 knockdown caused a modest but significant decrease in receptor internalization both in soma (75.2% Ϯ 2.2%) and puncta (61.4% Ϯ 2.0%) ( Fig. 4, A and  B) . Under glutamate-induced internalization, a similar but more pronounced reduction was observed (soma, 65.9% Ϯ 3.4%; puncta, 51.0% Ϯ 1.5%) ( Fig. 5, A and B) . Next, we performed similar internalization assays in neurons transfected with Eps15 to overexpress the adaptor protein. We found that overexpression of Eps15 resulted in an increase in the intensity of internalized AMPARs under basal conditions (soma 116.4% Ϯ 3.3%; puncta 143.8% Ϯ 5.7%) ( Fig. 4 , C and D). A more dramatic effect was observed in glutamate-induced internalization (Fig. 5 , C and D) in both soma (127.0% Ϯ 5.8%) and puncta (158.4% Ϯ 8.36%). Eps15 and GluA1 Interaction Is Ubiquitin-dependent-Although it is clear that Eps15 overexpression and knockdown have an effect on both surface AMPAR localization and AMPAR trafficking, the mechanisms underlying its interaction with AMPARs remain unclear. A commonly recognized cellular signaling mechanism for the internalization of membrane proteins via the endocytotic machinery is ubiquitination. We and other laboratories have found that AMPARs are subject to ubiquitination (11) (12) (13) . We show that surface GluA1 subunits are ubiquitinated preferentially via the E3 ligase Nedd4, leading to an increase in receptor internalization and degradation and a decrease in receptor surface expression (13) . However, how ubiquitinated AMPARs are recognized selectively for internalization remains unknown. Because Eps15 can specifically interact with ubiquitin moieties, it may function as an adaptor to associate with ubiquitinated AMPARs. Therefore, we decided to examine whether ubiquitination is implicated in Eps15 and GluA1 interaction. In HEK 293T cells, GFP-tagged GluA1 (GFP-GluA1) was cotransfected with either pcDNA as a control or HA-tagged ubiquitin. Two days after transfection, Eps15 was immunoprecipitated with anti-Eps15 antibodies, and the immunocomplex was probed with anti-GluA1N antibodies to confirm protein interaction. In lysates cotransfected with pcDNA, only a minimal level of GluA1 was detected, indicating a weak interaction under basal conditions. However, in lysates cotransfected with ubiquitin, a significantly higher level of GluA1 was coimmunoprecipitated with Eps15 (374% Ϯ 49.2% of the control, n ϭ 6) ( Fig. 6A ), strongly indicating that ubiquitination plays a positive role in Eps15 interaction with GluA1. To confirm this effect in neurons, cultured cortical neurons were treated for 24 h with the proteasomal inhibitor MG-132 to increase the amount of ubiquitinated species. Immunoprecipitation assays showed that proteasome inhibition also significantly increased the association of GluA1 with Eps15 (315.3% Ϯ 35.7%, n ϭ 5) ( Fig. 6B ). Because AMPAR ubiquitination is regulated by glutamatergic activities (11, 25) , we wanted to know whether glutamate affects Eps15 interaction. Toward this end, we treated cultured cortical neurons with 50 M glutamate for 10 min. Compared with the control, glutamate treatment significantly increased GluA1 and Eps15 interaction (171.2% Ϯ 20.2%, n ϭ 5) ( Fig. 6C) , consistent with the requirement of AMPAR ubiquitination in receptor-Eps15 interaction.
The UIM Domain Mediates Eps15 Interaction with AMPARs-Structurally, Eps15 has two domains of particular interest: two UIM regions at its C terminus and an AP2 binding region (Fig.  6D ). We suspected, because of the increased interaction between Eps15 and GluA1 in the presence of ubiquitin, that the UIM regions were the critical sites of Eps15-GluA1 interaction. Also, the adaptor protein AP2 is known to interact with AMPAR to initiate receptor internalization. Given the AP2 AUGUST 29, 2014 • VOLUME 289 • NUMBER 35 binding domain in Eps15, it is possible that the EPS-GluA1 association is indirect, mediated via AP2. To address these possibilities, we used a set of GFP-tagged Eps15 domain deletion mutants that lack either the C terminus UIM regions (E⌬C) or the AP2 binding region (E⌬AP) (Fig. 6D ). We then transfected HEK 293T cells with either GFP-tagged wild-type or mutant Eps15 together with non-tagged GluA1. Eps15 immunoprecipitates obtained with anti-GFP antibodies were probed for GluA1. In support of a role for ubiquitination and the requirement of the UIM motif in Eps15-GluA1 interaction, we found that deletion of the UIM regions of Eps15 completely abolished Eps15-GluA1 interaction (Fig. 6E ). However, deletion of the AP2 binding region of Eps15 had no effect on Eps15-GluA1 interaction (Fig. 5E) .
EPS15 in Ubiquitinated AMPAR Internalization
Ubiquitination of the GluA1 K868 Site Is Critical for Eps15 and GluA1 Interaction-Despite the observations that ubiquitin increases the interaction between Eps15 and GluA1, it remained uncertain whether this was a consequence of direct ubiquitination of GluA1 or an indirect result of ubiquitination on some intermediates. Therefore, we turned to closer examination of the role of GluA1 ubiquitination. During ubiquitination, a ubiquitin molecule is covalently conjugated to a lysine residue on its target substrate. Within the GluA1 intracellular domains, there are four lysine residues at the C terminus available for ubiquitin modification. In an earlier study, we found that although all lysine residues can be targeted, the last lysine on the GluA1 C terminus (Lys-868) was a primary site for GluA1 ubiquitination (13) . Therefore, we reasoned that this site might also be the critical site in the interaction of GluA1 with Eps15. To examine this possibility, we replaced the first three lysine residues (K813R, K819R, and K822) at the GluA1 C ter-minus with arginine to create a triple mutant (F3R), leaving Lys-868 as the sole site for ubiquitination (Fig. 7A) . The K868R and 4KR mutants described previously (13) were also used ( Fig.  7A ). Wild-type GluA1 and mutant constructs (F3R, K868R, and 4KR) were cotransfected with ubiquitin in HEK 293T cells, and GluA1-Eps15 interaction was analyzed by coimmunoprecipitation. As described above (Fig. 6A) , ubiquitin overexpression enhanced Eps15 interaction with GluA1. Interestingly, a similar increase in protein interaction by ubiquitin was still observed in F3R, indicating that a single intact Lys-868 site is sufficient for ubiquitination-dependent GluA1 interaction with Eps15. In line with this, despite the three remaining lysine residues in the K868R mutant, ubiquitin expression showed only a minimal amount of interaction between Eps15 and GluA1, comparable with the 4KR mutant in which interaction of Eps15 with GluA1 is abolished even in the presence of ubiquitin.
To directly examine the requirement of receptor ubiquitination in Eps15-dependent internalization, we transfected cultured hippocampal neurons with the varying lysine mutants and either an Eps15 siRNA or a control scrambled siRNA and performed GluA1 internalization assays 2 days after transfection using glutamate to promote internalization. In brief, surface GFP-GluA1 was labeled with anti-GFP antibodies, and internalization was triggered by glutamate treatment (50 M, 10 min) at 37°C. Cells were time-chased for an additional 20 min at 37°C to allow for further internalization. Among cells expressing scrambled siRNA, F3R was internalized to a level comparable with that of wild-type GluA, whereas the internalization of both K868R and 4KR was reduced markedly (Fig. 7,  D-F) . siRNA knockdown of Eps15 caused at least a 40% reduction in wild-type GluA1 and F3R. In contrast, Eps15 siRNA resulted in smaller changes in the internalization rate of K868R and 4KR compared with their own respective controls (Fig. 7 , D-F). These findings strongly indicate that GluA1 ubiquitination, primarily at the residue of Lys-868, is required for Eps15mediated internalization.
Nedd4 Enhances Eps15 Interaction with GluA1-During ubiquitination, the final conjugation of a ubiquitin molecule to a lysine residue on the target substrate is mediated by an E3 ligase that confers target specificity. Recent studies have identified Nedd4 as the E3 ligase responsible for AMPAR GluA1 ubiquitination (11, 13) . Therefore, we wanted to know whether Nedd4, via ubiquitinating GluA1, may facilitate Eps15 interaction with AMPARs. In HEK cells, GFP-tagged GluA1 was cotransfected with either pcDNA as a control or Nedd4, and anti-Eps15 antibodies were used to examine coimmunoprecipitation of GluA1. In lysates transfected with Nedd4, the amount of GluA1 in Eps15 immunoprecipitates was increased markedly compared with the control (210.1% Ϯ 35.5%, n ϭ 5) (Fig. 8A) . To further confirm the effect of Nedd4 in neurons, viral Nedd4 and pHAGE control constructs were introduced to cortical neuronal cultures as described previously (13) . Similar to the results from HEK cells, immunoprecipitation assays showed that Nedd4 overexpression resulted in a higher level of interaction between Eps15 and GluA1 (425.8% Ϯ 60.2%, n ϭ 4) ( Fig.  8B) . We next decided to examine the effect of Nedd4 knockdown on Eps15-GluA1 interaction. HEK cells were transfected with GFP-GluA1 and ubiquitin together with siRNAs targeting Nedd4 or scrambled siRNAs as a control. Eps15 was immunoprecipitated for GluA1 detection. Although the presence of ubiquitin was able to enhance GluA1 and Eps15 interaction in scrambled siRNA controls (170.0% Ϯ 22.1%, n ϭ 4), ubiquitin failed to affect GluA1-Eps15 interaction in neurons expressing Nedd4 siRNA (105.3% Ϯ 15.6%, n ϭ 4) ( Fig. 8, C and D) . Interestingly, we found that lysates overexpressing Nedd4 or ubiquitin showed higher total GluA1 expression, suggesting that GluA1 protein synthesis may be overregulated by these proteins to compensate for amounts degraded initially. These experiments collectively support a scenario in which Nedd4 targets GluA1 for ubiquitination, which then recruits Eps15 for interaction.
Eps15-mediated AMPAR Internalization Is Clathrin-dependent-Having established that Eps15 interacts with ubiquitinated AMPARs to cause receptor internalization, we were curi-FIGURE 7. GluA1 ubiquitination is required for Eps15 association. A, illustration of lysine residues at the C terminus (C-term) of GFP-tagged GluA1 and various forms of KR mutants. B and C, GluA1 lysine mutants were cotransfected with or without HA-ubiquitin in HEK 293 cells, and coimmunoprecipitations (IP) were performed to examine GluA1-Eps15 interaction. Ub expression increased Eps15 association with GluA1 and F3K but not K868R or 4KR (n ϭ 4 -7). Values were normalized to paired controls. IB, immunoblot. D-F, siEps15 or scrambled control siRNAs (Scram) were cotransfected with GFP-tagged WT or KR mutants of GluA1 in cultured rat hippocampal neurons. Internalization assays were performed by labeling surface GluA1 with anti-GFP antibodies, followed by 10 min of glutamate treatment (50 M). Compared with paired controls, Eps15 knockdown significantly decreased internalization of GluA1 and F3K but had less of an effect on K868R and no significant effect on 4KR. D, soma, n ϭ 63-110 cells. Scale bars ϭ 40 m. E, puncta, n ϭ 450 -500 puncta. Data are mean Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; Student's t test; n.s., not significant. ous about the internalization machinery involved. The clathrin-coated pits pathway is the canonical mechanism for the internalization of most of the membrane receptors, including AMPARs. AMPAR internalization begins with an association with the adaptor protein AP2, or Eps15 for the ubiquitinated receptors, followed by the recruitment of clathrin to form clathrin-coated pits. Clathrin interacts with amphiphysin, which then brings in dynamin to subsequently pinch off the coated pits to form endocytic vesicles. Because Eps15 is known to mediate receptor internalization through a clathrin-independent pathway (26, 27) , we wanted to confirmed whether the Eps15-dependent internalization of ubiquitinated AMPARs utilized the clathrin pathway. We took advantage of a newly developed clathrin inhibitor, Pitstop (28) , which binds to clathrin and competitively blocks the recruitment of amphiphysin, leading to potent suppression of clathrin-dependent internalization. We first tested the efficiency of Pitstop by treating cultured hippocampal neurons with Pitstop for 0, 10, or 30 min and examining receptor surface expression. We found that, at a concentration of 15 M, Pitstop caused a marked increase in GluA1 surface accumulation (time 0, 100% Ϯ 4.5%; time 30, 137.5% Ϯ 5.6%; and time 60, 162.1% Ϯ 8.0%), indicating its effectiveness in blocking receptor internalization (Fig. 9, A and  B) . To determine the dependence of the clathrin pathway for the internalization of ubiquitinated AMPARs, we examined constitutive and glutamate-induced receptor internalization in neurons transfected with GFP-GluA1 and ubiquitin. Under constitutive conditions, ubiquitin significantly increased the amount of GFP-GluA1 internalization (125.5% Ϯ 6.6%). Appli-cation of Pitstop significantly suppressed AMPAR internalization (56.8% Ϯ 2.8%) and abolished the ubiquitin-caused increase in AMPAR internalization (46.4% Ϯ 2.1%) ( Fig. 9, C and D) . Glutamate-treated neurons showed a significantly increased amount of GluA1 internalization compared with the control (Fig. 9 , E and F, Glu, 123.0% Ϯ 4.9%) (). Interestingly, glutamate had less of an effect in neurons overexpressing ubiquitin ( Fig. 9 , E and F, Glu ϩ Ub, 130.7% Ϯ 5.3%), likely because of a ubiquitin-caused saturation in internalization prior to glutamate treatment. In neurons treated with Pitstop, glutamate-induced GluA1 internalization was decreased significantly even in the presence of Ub (Fig. 9 , E and F, Pit ϩ Glu, 73.4% Ϯ 5.2%; Pit ϩ Glu ϩ Ubi, 68.7% Ϯ 3.7%). These data support the utilization of the clathrin-dependent pathway for Eps15-mediated internalization of ubiquitinated AMPARs (Fig. 10 ).
DISCUSSION
Upon conjugation with ubiquitin, AMPARs are recognized for internalization (11, 13) , but the molecular steps involved in ubiquitination-triggered internalization are unknown. We show that the Eps15 adaptor protein plays an important role in this process by interacting specifically with ubiquitinated GluA1 subunits to initiate AMPAR internalization via the clathrin-coated pits pathway. In support of this process, we find that Eps15 interacts with GluA1 subunits in a ubiquitinationdependent manner. This interaction is enhanced when GluA1 ubiquitination is induced by overexpressing ubiquitin or the E3 ligase Nedd4 (13) or by glutamate treatment (11) . In contrast, the interaction is abolished by mutation of GluA1 ubiquitina- tion sites or deletion of the ubiquitin binding motifs in Eps15. Furthermore, Eps15 overexpression enhances AMPAR internalization and reduces receptor surface expression, which is abolished in cells expressing GluA1 without ubiquitination sites or by inhibition of the clathrin-dependent pathway.
Ubiquitin is conjugated to lysine residues during ubiquitination. Among the intracellular domains in GluA1, there are four lysines in total, all within the C terminus. Although all the lysine residues are targeted, the last lysine (Lys-868) appears to be the primary site for Nedd4-mediated ubiquitination (13) . Consistently, we find that the expression of ubiquitin, to enhance GluA1 ubiquitination, strengthens GluA1-Eps15 association. This effect remains in GluA1-F3KR but is completely abolished in K868R and 4KR, indicating Lys-868 as the dominant site for ubiquitination.
In the AMPAR endocytic process, AP2 has been well studied as a clathrin adaptor interacting with GluA1, GluA2, and GluA3 (14 -17). On GluA2, AP2 binds to a domain containing the core sequence KRMKV located at the C terminus proximal to the plasma membrane (16) . A corresponding sequence, KRMKG, exists in GluA1 and is highly homologous to that in GluA2. Interestingly, this AP2 binding domain contains two lysine residues available for ubiquitin modification. It is possible that ubiquitination of these sites affects AP2 binding affinity. In line with this idea, mutation of the first lysine within this binding sequence abolishes AP2-GluA2 interaction (16) . Therefore, ubiquitination may block AP2 binding and switch the endocytic adaptor to Eps15.
Because Eps15 is known to be constitutively associated with AP2 (19, 29) , it is possible that Eps15 associates with AMPARs indirectly via AP2. Utilizing an Eps15 mutant lacking the AP2 binding region, we find that the mutant Eps15 remains able to interact with GluA1. We also find that the UIM domains in Eps15 as well as GluA1 ubiquitin modification are required for their interaction. These findings strongly indicate a more direct interaction between the Eps15 UIM motifs and ubiquitin mod- C and D, neurons were transfected with GFP-GluA1 together with either ubiquitin or pcDNA as control (Con). Two days after transfection, surface GluA1 was labeled with anti-GFP antibodies, and internalization was allowed in the presence of Pitstop for 10 min. Pitstop effectively blocked basal and ubiquitin-enhanced GluA1 internalization (n ϭ 45-95 cells). E and F, the experiment in C was repeated to examine glutamate-induced internalization. Cells were treated with glutamate (50 M, 10 min) to induce internalization. Pitstop was applied prior to and during glutamate treatment. Pitstop effectively blocked both glutamate-and ubiquitin-stimulated GluA1 internalization (n ϭ 43-174 cells). Data are mean Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; Student's t test; n.s., not significant. ification at the GluA1 C terminus. Endogenous AMPARs are heterotetramers mostly composed of GluA1/A2 or GluA2/A3. Although both GluA1 and GluA2 are known to be regulated by ubiquitination, GluA2 does not appear to bind Eps15 (17) . Also, although Nedd4 selectively targets GluA1 as well as Eps15, it does not appear to target GluA2 (Ref. 11 and Fig. 4E ). Therefore, GluA1 C-terminal ubiquitination and Eps15-mediated internalization may specifically regulate GluA1-containing AMPAR trafficking. Eps15 appears to be self-sufficient in mediating AMPAR internalization. In a mutant GluA1-K868R that should, presumably, have only minimal levels of ubiquitin modification but retains an intact AP2 binding domain, we show that glutamate-induced internalization is suppressed significantly.
Several types of adaptor proteins are involved in membrane receptor internalization (21) . Of these, epsins are members of the same family as Eps15. Because epsins and Eps15 show overall structural similarity and functional redundancy, it is reasonable to postulate that epsins may also be involved in ubiquitination-dependent AMPAR trafficking. This may explain, together with insufficient Eps15 knockdown, the incomplete abolishment of GluA1 internalization following Eps15 siRNA application.
The relative contribution of AP2 and Eps15 may depend on the cellular and synaptic activity status. Under basal conditions, there is only a low level of AMPAR ubiquitination (11, 13, 30) where Eps15 interaction is minimal and receptor internalization is mainly mediated by AP2. During neuronal activation, which is accompanied by elevated receptor ubiquitination, Eps15 plays a more important role in AMPAR internalization. In line with this notion, at basal conditions, siRNA knockdown of Eps15 decreased GluA1 internalization at the soma by 20% (Fig. 4, A and B) . In contrast, under glutamate incubation, which causes AMPAR activation and ubiquitination (11), Eps15 knockdown reduced GluA1 internalization by 40% (Fig. 5, A  and B) . It is intriguing to postulate that AP2 is responsible for constitutive internalization, whereas Eps15 is used for activitydependent facilitated trafficking (Fig. 8 ). Indeed, in GluA2 mutants that lack AP2 association, although NMDA-induced internalization is inhibited, AMPA treatment remains able to stimulate internalization (16) . Given that GluA1 ubiquitination is induced by application of AMPA but not NMDA (11) , it may indicate that AMPAR activation utilizes ubiquitination/Eps15dependent internalization, whereas NMDAR-dependent internalization is ubiquitination-independent and is mediated mainly via AP2.
How ubiquitination-dependent AMPAR internalization is regulated remains unclear. Clearly, ubiquitination of AMPARs and their interaction with Eps15 can be regulated by the amount and activity of the E3 ligase Nedd4 and deubiquitinating enzymes (31) . In addition to the extent of general ubiquitination, types of ubiquitination can also serve as a regulatory element. AMPARs are subject to mono-and polyubiquitination (11, 13, 30) , but polyubiquitination seems to be the dominant form in mammalian neurons (13) . Because monoubiquitin appears to have a low binding affinity to UIMs compared with polyubiquitin chains (32, 33) , preferential polyubiquitination will strengthen AMPAR association with Eps15. Furthermore, different types of ubiquitin chains can be formed by the further conjugation of ubiquitin units to one of seven lysines on a ubiquitin molecule. It remains unknown which type of polyubiquitination is formed at AMPARs. However, if GluA1 conjugates with multiple forms of ubiquitin chains, it may offer a distinct affinity for Eps15 binding. It has been shown that Eps15 prefers to interact with Lys-63-linked polyubiquitin because of the conformational selectivity of the two UIM domains (34, 35) . In line with this, Nedd4, the identified GluA1 E3 ligase, preferentially catalyzes Lys-63 ubiquitination (36) . Furthermore, phosphorylation can regulate, and in some cases is a prerequisite for, ubiquitination (37) . Given that GluA1 is under constant modification by phosphorylation, which plays an important role in receptor trafficking (38) , it is interesting to postulate that FIGURE 10 . An illustration of Eps15-mediated ubiquitination-dependent AMPAR endocytosis. Left, during basal activity, AMPAR endocytosis is AP2mediated, and internalized receptors are mostly shuttled to recycling pathways. Right, in contrast, ubiquitination of GluA1, particularly at Lys-868, recruits the adaptor protein Eps15 via its UIM domain with or without AP2 participation. Following Eps15-mediated internalization, the ubiquitinated AMPARs are destined for degradation.
GluA1 ubiquitination and, therefore, Eps15-mediated internalization is regulated upstream by protein kinases and receptor phosphorylation.
Ubiquitinated receptors are internalized via clathrin pathways. However, clathrin-independent processes have also been observed (26, 27, 39) . For instance, following agonist binding and ubiquitin modification, the TGF-␤ receptors rapidly internalize via both clathrin-dependent and -independent lipid raftmediated pathways, which direct internalized receptors for recycling and degradation, respectively (40) . In the case of the EGF receptor, a low level of EGF stimulation that does not cause ubiquitination leads to internalization via the clathrin pathway, whereas a high concentration of EGF leads to EGF receptor ubiquitination and recruitment to lipid rafts for internalization (26) . Using a clathrin-specific inhibitor, we found that blocking the clathrin-dependent pathway increases surface AMPAR expression. Importantly, both basal and glutamate or ubiquitinenhanced internalization are equally suppressed by clathrin inhibition, indicating that the clathrin-dependent pathway is utilized in Eps15-mediated internalization of ubiquitinated AMPARS, consistent with other studies showing the involvement of the clathrin route in ubiquitination/Eps15-mediated receptor internalization (41, 42) .
